Improving end-use quality and disease resistance are important goals in wheat breeding. The genetic loci controlling these traits are highly complex, consisting of large families of prolamin and resistance genes with members present in all three homeologous A, B, and D genomes in hexaploid bread wheat. Here, orthologous regions harboring both prolamin and resistance gene loci were reconstructed and compared to understand gene duplication and evolution in different wheat genomes. Comparison of the two orthologous D regions from the hexaploid wheat Chinese Spring and the diploid progenitor Aegilops tauschii revealed their considerable difference due to the presence of five large structural variations with sizes ranging from 100 kb to 2 Mb. As a result, 44% of the Ae. tauschii and 71% of the Chinese Spring sequences in the analyzed regions, including 79 genes, are not shared. Gene rearrangement events, including differential gene duplication and deletion in the A, B, and D regions, have resulted in considerable erosion of gene collinearity in the analyzed regions, suggesting rapid evolution of prolamin and resistance gene families after the separation of the three wheat genomes. We hypothesize that this fast evolution is attributed to the co-evolution of the two gene families dispersed within a high recombination region. The identification of a full set of prolamin genes facilitated transcriptome profiling and revealed that the A genome contributes the least to prolamin expression because of its smaller number of expressed intact genes and their low expression levels, while the B and D genomes contribute similarly.
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INTRODUCTION
Gene duplication is one of the most important evolutionary processes that generate genetic diversity and functional novelty, and therefore plays an essential role in adaptation and speciation (Kondrashov, 2012; Magadum et al., 2013; Panchy et al., 2016) . Plant genomes can accommodate large genomic redundancy and genetic diversity by retaining a high proportion of duplicate genes as compared to animal systems. On average, 65% of the annotated genes in plant genomes have a duplicate copy (Panchy et al., 2016) . Although the mechanisms determining gene loss and retention after duplication are not well understood, retained gene copies often undergo further evolution through four trajectories (conservation, neofunctionalization, subfunctionalization, and specialization) (Freeling et al., 2015; Panchy et al., 2016) .
Polyploidy is recognized as a major evolutionary force in plants (Soltis et al., 2015; Alix et al., 2017; Van de Peer et al., 2017) . Bread wheat is an allohexaploid species (Triticum aestivum L. 2n = 6× = 42, genome AABBDD) generated by two rounds of allopolyploidization events (Matsuoka, 2011) . In the first event occurring 0.36 to 0.5 million years ago, two diploid ancestors, Triticum urartu (2n = 2× = 14, genome AA) and an unconfirmed species related to Aegilops speltoides (2n = 2× = 14, genome SS), hybridized to form the cultivated allotetraploid emmer wheat (Triticum turgidum ssp. dicoccum, 2n = 4× = 28, genome AABB). The D genome was introduced when an allotetraploid wheat hybridized with an ancestral diploid Aegilops tauschii (DD) genome around 8000 to 10000 years ago. Hexaploid wheat therefore contains three related subgenomes, presumably with triplicate copies for each gene. Genetic evolution in polyploidy species is more complicated due to the interaction of multiple genomes in a single cell (Chen, 2007; Li et al., 2015) . However, the genetic redundancy can buffer the rapid changes, thereby accelerating genome evolution. In nascent allopolyploid wheat, elimination of coding and non-coding DNA sequences, differential microRNA expressions, transposon activation, and gene silencing have been documented (Feldman and Levy, 2012; Li et al., 2015) .
Hexaploid wheat speciation led to better adaptation to climates, enhanced yield potential, and increased economic value. The wheat prolamins confer the unique viscoelastic properties that provide value to wheat by facilitating the processing of flour into bread, pasta, noodles and other food products. The prolamins are composed of several complex protein groups that are all rich in glutamine and proline, but differ in size, domain structure, and biochemical properties (Shewry et al., 2002) . The high molecular weight and low molecular weight glutenin subunits are linked together to form large polymers through intermolecular disulfide bonds and provide the elasticity to wheat dough, while the monomeric gliadins (subdivided into α, γ, δ, and ω-gliadins) confer extensibility. Unfortunately, prolamins are also known to be major triggers for celiac disease (CD), a food-sensitive autoimmune disorder that impacts 0.7∼2.0% of the human population, as well as other food allergies and sensitives (Sollid et al., 2012) .
Genes encoding wheat prolamins are primarily mapped to three genomic regions (Shewry et al., 2003) . The Glu-1 loci encoding HMW-glutenin subunits (HMW-GS) are located on the long arms of group 1 chromosomes, while the Gli-2 loci encoding α-gliadin genes are mapped to the short arm of group 6 chromosomes. The third genomic region on the short arm of group 1 chromosomes carries two tightly linked prolamin loci -Glu-3 encoding LMW-glutenin subunits (LMW-GS) and Gli-1 encoding γ-, δ-, and ω-gliadins. The prolamins account for ∼80% of endosperm proteins (Altenbach et al., 2011) , largely attributed to the multiple gene copies in each prolamin locus and their high levels of expression in endosperm tissue. Elucidation of the genomic organizations of prolamin genes will help us better understand their evolution, expression, and the association of end-use quality with allelic variation (Bonafede et al., 2015) . The genomic region carrying the Glu-3 and Gli-1 loci is particularly interesting since several resistance (R) loci are closely linked to the prolamin loci. These R loci have been shown to confer resistances to various pathogens including leaf, stem and stripe rust disease, powdery mildew, and Russian wheat aphid (Huang et al., 2003; Spielmeyer and Lagudah, 2003; Yahiaoui et al., 2004) . Recent reports on the Glu-3 and Gli-1 genomic region from Ae. tauschii, the progenitor D genome donor of hexaploid wheat, revealed physical association of prolamin genes with nucleotidebinding domain and leucine-rich repeat (NLR) and receptor-like kinase (RLK) type resistance gene families and suggested that evolutionary dynamics in the region play important roles in gene duplication and expansion (Dong L. et al., 2016) .
Our understanding of the genomic organization and evolution in the Glu-3 and Gli-1 regions in hexaploid wheat is still very limited. Most previous studies focused on identifying prolamin genes from different wheat species and cultivars. However, the tight linkage of the two loci and presence of multiple gene copies in each locus makes it very challenging to correlate allelic variations with the end-use properties of wheat flour. Recent advances in genome sequencing provide unprecedented opportunities to access genomic regions of interest quickly and economically. However, one major challenge in sequencing and characterizing genomic regions as complex as those carrying the prolamin genes is the presence of multiple tandemly duplicated gene copies and high repetitive DNA contents (Dong J. et al., 2016) . Next generation sequencing methods with short reads often make it difficult to reconstruct these chromosomal regions. In addition, attempts to sequence the genomic regions from bacterial artificial chromosome (BAC) clones often provide limited information because the insert size of BAC clones often does not cover the entire prolamin region (Huang and Cloutier, 2008; Dong et al., 2010) . PacBio single molecule real-time (SMRT) sequencing technology, which generates long sequence reads, has proved useful and effective in resolving complex genomic regions (Dong J. et al., 2016) . Recently, all six maize prolamin gene regions from a maize inbred line were assembled from PacBio genome shotgun sequencing data (Dong J. et al., 2016) . Three homeologous α-gliadin regions from hexaploid wheat cv Chinese Spring were also successfully reconstructed using large PacBio sequence contigs . In both studies, a restriction enzyme-based optical genome map was essential in validating and improving the assembly of these complex chromosomal regions.
In this study, we reconstructed the genomic regions carrying multiple prolamin and R gene loci from the A, B, and D genomes of hexaploid wheat cv Chinese Spring (CS) using PacBio sequence contigs and BioNano genome maps. We then conducted detailed sequence analysis to identify genes and pseudogenes for syntenic analyses among the CS A, B, and D genomes and performed phylogenetic analyses to understand rapid and independent evolutions of prolamin and R genes in different wheat genomes. The identification of a full complement of prolamin genes in a single genetic background facilitated our transcriptome analysis to understand the contribution of individual prolamin genes. This work represents the first report in which complex genomic regions controlling two important traits are characterized in detail in three homoeologous genomes of hexaploid Chinese Spring wheat.
MATERIALS AND METHODS

De Novo BioNano Genome Map Assembly and Analysis
High molecular weight (HMW) DNA was isolated from young leaves (grown in darkness) of hexaploid wheat (Triticum aestivum L.) genotype 'Chinese Spring' by Amplicon Express (Pullman, WA, United States). The nicking endonuclease Nt.BspQI (New England BioLabs, Ipswich, MA, United States) was used to label high-quality HMW DNA molecules at specific sequence motifs (GCTCTTC) based on sequences of the publicly available hexaploid wheat genome . The nicked DNA molecules were stained according to the instructions of IrysPrep Reagent Kit (BioNano Genomics, San Diego, CA, United States), loaded onto the nanochannel array of IrysChip (BioNano Genomics), and automatically imaged by the Irys system (BioNano Genomics), as previously described in detail (Luo et al., 2017) . Raw DNA molecules >20 kb were collected and converted into BNX files by AutoDetect software to obtain basic labeling and DNA length information. The filtered raw DNA molecules in BNX format were aligned, clustered, and assembled into the BioNano genome (BNG) map using the BioNano Genomics assembly pipeline as described in previous publications (Lam et al., 2012; Cao et al., 2014) . The P-value thresholds used for pairwise assembly, extension/refinement, and merge stages were 1× 10 −10 , 1× 10 −11 , and 1× 10 −15 , respectively. The initial BNG map was then checked for potential chimeric BNG contigs and was further refined.
Sequence Analysis and Gene Annotation
To reconstruct the genomic regions containing the prolamin and resistance gene loci, sequence contigs of Chinese Spring generated using PacBio read-only assembly and hybrid assembly of PacBio and Illumina reads (Zimin et al., 2017) were searched with BLAST using the sequences of all the 103 genes annotated in the Ae. tauschii Glu-3 and Gli-1 region (Dong L. et al., 2016) . Sequence contigs with high stringent matches (E-value less than 1e −100 ) were downloaded. The extracted sequences were digested in silico according to the restriction site of Nt.BspQI by using Knickers (BioNano Genomics) and then aligned with the CS BNG map by computing with RefAligner (BioNano Genomics). The visualization of the alignment was performed with snapshot in IrysView (BioNano Genomics). Software packages used for these operations can be obtained from BioNano Genomics 1 . Manual check and editing are used to improve the final assembly by aligning, merging, and reorienting contigs (Hastie et al., 2013) . The final assembled sequences for the A, B, and D genomes in this study were deposited in the NCBI GenBank under the accession numbers, MG560140, MG560141, and MG560142, respectively.
For sequence annotation, the final assembled genomic sequences for the A, B, and D genomes were first submitted to TriAnnot pipeline for automated gene annotation (Leroy et al., 2012) . In addition, a homology search was performed against the NCBI non-redundant databases using BLASTN, BLASTX, and TBLASTX algorithm to verify annotated genes and identify missed genes and pseudogenes. Because gene annotation often includes transposable elements, only genes that have homology in other monocots were included.
Transcriptome Data Analysis
To analyze the expression of prolamin genes, Chinese Spring RNA-seq data (176.5 Gbp) derived from endosperm tissue at three time points (10, 20 and 30 days post-anthesis) were downloaded from NCBI (ERP004505). The Chinese Spring coding sequences (CDS) (TGAC v1.0) were downloaded from EnsemblPlants 2 . The annotated prolamin gene sequences along with the TGAC CDS (minus the prolamin genes) were used as reference for RNA-Seq analysis using the CLC Genomic Workbench (v8.5) RNA-Seq Analysis Toolbox. Because of the high nucleotide similarities among the prolamin gene family members, stringent mapping parameters with mismatch cost 2, insertion and deletion cost 3, length fraction 0.9, similarity 0.99 were employed in mapping. The FPKM values were calculated using the function in the CLC Toolbox. Manual check of RNAseq alignment with the target gene was used to confirm the assembly of the prolamin gene sequences, including mutation sites causing pseudogenization.
Sequence Alignment and Phylogenetic Analysis
For construction of phylogenetic trees, the coding sequences of both prolamin and resistance genes were used. Prolamin genes contain no introns and therefore, the coding sequences can be easily identified through gene annotation. To identify the coding sequences of both NLR and RLK resistance genes, both hidden Markov model (HMM) and BLAST search were performed (Shao et al., 2014) . The identified coding sequences were further examined to see if they encode LRR, CC, NSB, and Kinase domains using Pfam analysis and SMART protein motif analysis 3 . The coding sequences of the genes were aligned in MEGA7 by MUSCLE with default settings . The obtained alignments were then subjected to visual inspections and manual adjustments to improve their qualities. Short sequences containing large deletions were removed since they could be often problematic in later phylogenetic analyses. Phylogenetic trees were constructed using the neighbor-joining method in the MEGA7 program with the confidence probability estimated using the bootstrap test with 1000 replications.
RESULTS
Reconstruction and Gene Content of Genomic Regions Harboring Prolamin and R Loci
To generate high-quality sequences covering the genomic regions harboring multiple prolamin and R gene loci on the short arms of the wheat group 1 chromosomes, 103 genes annotated from the orthologous region in Ae. tauschii were used in a BLASTN search against the Chinese Spring (CS) genomic sequence data generated by PacBio long reads (Zimin et al., 2017) . This CS final assembly is ∼15 Gb in size and has a weighted average (N50) contig size of over 230 kb, representing the most complete and contiguous assembly of the published wheat genome to date (Zimin et al., 2017) . The retrieved sequence contigs were then aligned with the Chinese Spring genome map to identify CS BNG map contigs. Since the N50 for the CS optical map is over 1.6 Mb , 4-5 optical map contigs could span a ∼5 Mb genomic region. The identified optical map contigs were then used to search CS PacBio contigs with RefAligner (BioNano Genomics). Through this analysis, additional sequence contigs belonging to the genomic regions were identified. All the optical map contigs and PacBio sequence contigs were aligned together. In general, gaps between two adjacent contigs are usually not shared by the gaps between two adjacent sequence contigs. Therefore, two adjacent optical map contigs can be often bridged with a sequence contig as shown in Supplementary Figure S1. Through this process, we were able to order optical map contigs to build the optical maps spanning the prolamin genomic regions in Chinese Spring. The optical maps were then used as frameworks to generate sequence scaffolds by aligning, ordering, re-orienting, and merging sequence contigs (Hastie et al., 2013) . Three consensus sequences with lengths of 5, 335,195, 6,535,908, and 5,639,164 bps were generated for the A, B, and D genomes, respectively. There are only 9, 4, and 15 gaps for the A, B, and D genome sequences, respectively (Supplementary Figure S1 ). By estimation, ∼92% of the sequences were covered by the optical genome maps.
To better delineate gene duplication and evolution, it is important to also annotate pseudogenes, particularly those among high copy prolamin and R genes that are often disrupted by various mechanisms. Automated gene annotation pipelines often only annotate full-length intact genes. However, pseudogenes can be easily identified through manual annotation by BLASTN search of known genes against the genomic region. Therefore, we employed both the automated TriAnnot method (Leroy et al., 2012) and manual annotation process to identify genes in the sequenced regions. In the analyzed regions, 96, 164, and 129 genes were annotated for the A, B, and D genomes, respectively ( Supplementary Table S1 ). As expected, multiple copies of prolamin and R genes were detected for each homeologous genome. Pseudogenes accounted for high percentages -57 out of 88 NLR, 19 out of 41 RLK, and 25 out of 52 prolamin genes ( Supplementary Table S1 and Supplementary Figure S2 ).
Comparison of the Orthologous Region of the D Genomes From Ae. tauschii and Chinese Spring
The genomic region carrying the Glu-3 and Gli-1 loci in the progenitor D from diploid Ae. tauschii has been characterized recently (Dong L. et al., 2016) . To delineate the sequence variations in the orthologous regions between the diploid and hexaploid D genomes, we performed a dot matrix analysis as shown in Figure 1 . In this figure, sequence divergences are seen as disruptions in the main matrix diagonal line. In general, gaps along the diagonal line represent sequence variations that could result from different types of rearrangements including insertions, deletions, inversions, and translocations. A total of five gaps with an estimated size of over 100 kb each were identified in the compared regions, indicating considerable structural variations between the two D genomes. Gap2 is the largest structural variation at over 2 Mb consisting of 34 genes that are present in CS but absent in Ae. tauschii AL/78 (Figure 1 and Supplementary Table S2 ). Among these genes, two are RLK and five are NLR genes. In several cases, these R genes are interspersed with other gene types. Interestingly, the insertion of this 2-Mb region occurred between two ω-gliadin genes (ω-D1 and ω-D2) in CS, while in Ae. tauschii, the two corresponding genes (ω-D t 1 and ω-D t 2) were separated from each other by a distance of ∼20 kb ( Supplementary Table S2 ), suggesting that this structural variation occurred between the two ω-gliadin genes. Gap3 is about 340 kb in size with a total of 17 genes that are present in Ae. tauschii AL/78 but absent in CS. This represents a high gene density region (one gene/20 kb) and most genes (13) in this region belong to the NLR and RLK gene families ( Supplementary Table S2 ). Gap4 with a size of ∼525 kb represents a region that is only present in Ae. tauschii and contains nine genes with one NLR. Gap5 spans a 1.2-Mb region present in CS and contains 17 genes with seven NLRs and one LMW-GS. Gap1 is the smallest with a size just over 100 kb and includes two genes that are present in Ae. tauschii but absent in CS. These large structural variations reduced the total sequence length that is shared in the two compared regions to only ∼1.6 Mb (56% of the Ae. tauschii region, 29% of the CS region). In other words, 44% of the Ae. tauschii or 71% of the CS regions are not shared or orthologous in the compared region between the two D genomes, including at least 79 genes ( Supplementary  Table S2 ).
To validate these structural variations between the two D genomes, we first located the corresponding positions of structural variations in the two D genome regions and then examined if the sequence assemblies nearby these positions were supported by the BioNano maps (Supplementary Figure S1 ). FIGURE 1 | Pairwise comparison of the hexaploid and Ae. tauschii D genome regions harboring prolamin and resistance gene families. The dot plot between the orthologous regions from the hexaploid wheat Chinese Spring and diploid Ae. tauschii was performed using the r2cat program with default parameter setting (Husemann and Stoye, 2010) . Each distinct gap on the dot plot is assigned a number, and the sequences involved in the gap regions are described in the text.
Since the sequence accuracy can be all confirmed by the BioNano maps, we eliminated the possibility that the structural variations were due to sequence assembly errors. Next, we used the sequences that are present in one D genome to blast against the entire assembled sequence data of the other D genome that showed absence of the sequences in the compared region. We didn't retrieve any sequences or sequence contigs that can align well to the present sequence in the regions involved in Gap1, 3, 4, and 5, further supporting that they are presence/absence variations. However, the 2 Mb sequence region present in CS did identify two highly similar sequence regions in Ae. tauschii. A dotplot analysis between the CS 2 Mb region with the first 7 Mb region on the short arm of the Ae. tauschii chromosome 1 revealed the two matched regions separated by a distance of ∼2 Mb (Supplementary Figure S3 ). Therefore, the structural variation involved in Gap2 was likely caused by translocation and/or inversion events.
We also examined gene collinearity in the compared regions from the two D genomes. Except for genes located in the structural variation regions, gene collinearity in the aligned regions was well maintained. We identified 71 orthologous gene pairs in the aligned regions and six genes (non-colinear) present in only one of the genomes ( Supplementary Table S2 ). Two non-colinear genes encode prolamins. One is ω-gliadin (ω-D3), which is 12 kb away from an adjacent ω-gliadin gene (ω-D2). These genes are 100% identical in the coding region, and there is only one SNP (T/C) at −165 upstream from the start codon. It is likely that ω-D3 originated from a recent tandem duplication of ω-D2 in the CS D genome. The other one is a LMW-GS pseudogene (LMW-D4). Although LMW-D4 is most closely related to the intact LMW-D3 genes (94% nucleotide identity), LMW-D3 and LMW-D4 are 114 kb apart, with a JAinduced gene between them. It is unclear if LMW-D4 originated from a duplication event in the Chinese Spring D genome, or if there was a deletion event that removed its counterpart in Ae. tauschii AL8/78. We noticed that three of the noncolinear genes were adjacent to the large structural variations ( Supplementary Table S2 ). In these cases, the non-colinear genes were absent in the genome containing the extra genes from the structural variation events. One possible explanation is that the insertion of a DNA fragment could be accompanied by a sequence or gene deletion in the recipient site due to DNA breakage.
Gene Collinearity in the Homeologous
Regions of the A, B, and D Genomes
Collinearity analysis was also performed in the orthologous regions of the A, B, and D genomes. Previous analysis based on the comparison of the Ae. tauschii region with orthologous regions from Brachypodium, rice and sorghum identified 14 ancestral genes shared among all genomes analyzed (Dong L. et al., 2016) . We found that these genes were also maintained in the A, B and D genomes with the exception of one ancestral gene that was missing in the B genome (Figure 2 and Supplementary  Table S1 ). These ancestral genes were used to define four syntenic blocks to facilitate collinearity analysis (Figure 2 and Supplementary Table S1 ). We found that gene number differed greatly among these syntenic blocks. For example, in Block 1, the D genome had 51 genes, the B genome had 29 genes, and the A genome had only 18 genes. In addition, the gene content in syntenic blocks could be quite different. In Block 2, both the D and B genome contained multiple copies of ω-gliadin genes, while ω-gliadin genes were absent in the A genome ( Supplementary Table S1 ). It is possible that these ω-gliadin genes located between amylase inhibitor genes (AI) and LMW-GS genes have been deleted from the A genome. In Block 1, genes in the A and B genomes were primarily prolamin and R genes, while many other types of genes were present in the D genome region ( Supplementary Table S1 ). These non-colinear genes were mainly derived from the Gap2 region described in the previous section, supporting the notion that the large structural variation occurred only in the Chinese Spring D genome. Furthermore, in Block 1, there were no orthologous ω-gliadin genes in either A or B genomes. However, in the A genome, three ω-gliadin genes are found in the region before Block 1, suggesting a possible translocation event ( Supplementary  Table S1 ).
Besides the variations in gene number and content in syntenic blocks, the existence of multiple copies of prolamin and/or R gene family members in each block also complicated collinearity analyses in identifying orthologous counterparts. Orthologous genes evolve from a common ancestral gene by speciation, while paralogous genes are derived from gene duplication within a species. Therefore, a single gene in a species could have multiple orthologs after duplication in the genomes of different species. Therefore, the relationship of gene family members (ortholog or paralog) is often difficult to determine based on the linear order of genes in the analyzed regions. This is the case for prolamin and R genes in the analyzed regions. We found that the orthologous relationships among the A, B, and D genomes could not be unambiguously delineated based solely on gene contents FIGURE 2 | Collinearity of orthologous regions harboring prolamin and resistance gene families from the wheat A, B, and D genomes. Ancestral genes that are shared with grass genomes are shown in solid dots and connected with lines. Other genes are represented by vertical bars with colors to indicate different types of prolamins and resistance genes. Black bars represent genes other than prolamin or resistance genes. and order, although syntenic blocks were clearly defined ( Supplementary Table S1 ).
Phylogenetic Analysis of Wheat Prolamin Genes
A phylogenetic tree often provides useful information about the evolutionary relationship of gene family members. Phylogenetic trees were then reconstructed for each group of prolamin genes in the analyzed regions (Supplementary Figure S2) . A total of 14 γ-gliadin genes were identified in the CS genome, and were grouped into two clades. All four γ-gliadins from the A genome were in one clade, while γ-gliadins from the D and B genomes were present in both clades (Figure 3A) , suggesting that the A genome might have lost the genes corresponding to those in Clade I. The four genes from the D genome were all clustered with the homologous copies from Ae. tauschii, supporting the notion that there are no significant changes in γ-gliadins between the hexaploid and progenitor D genomes. δ-gliadins, a new class of wheat gliadins recognized recently, likely existed in an ancestral Triticeae species prior to the divergence of wheat and barley . Five δ-gliadins were identified in CS. The A and D genomes each had two copies separated by less than 20 kb ( Supplementary Table S1 ), whereas the B genome had only one full-length copy in Clade I (Figure 3B) , suggesting a possible deletion event. A total of 19 ω-gliadin genes were identified, including one (ω-A4) that was not located within the analyzed region. These genes were divided into two main clades: one containing genes from the D and B genomes, and the other from the D and A genomes (Figure 3C) . It is possible that both A and B genome have differentially lost or duplicated some ω-gliadin genes or such a result may reflect a hybrid origin of the D genome from a cross between A and B as proposed recently (Marcussen et al., 2014) .
Among the 17 LMW-GS genes identified in CS, the A genome has four copies and B genome has five copies, while the D genome has eight copies (Figure 3D) . LMW-D8 (full-length) and LMW-B5 (pseudogene) were not located in the analyzed regions and could represent copies that have been translocated to different regions (Supplementary Figure S2 ). The LMW-GS genes were grouped into three clades (Figure 3D) . Clade III contained genes from all the three genomes. Genes in Clade II are from the A and D genome, while Clade I only had B and D genome genes, suggesting that differential gene duplications and deletions of LMW-GS genes have taken place after the separation of the A, B, and D genomes. Taken together, the prolamin gene families in Glu-3 and Gli-1 existed before the divergence of the A, B and D genomes, but also evolved independently since then.
Phylogenetic Analysis of R Genes
Nucleotide-binding domain and leucine-rich repeat and RLK genes are both highly duplicated in the analyzed regions. Previously, we showed that NLR genes in Ae. tauschii region can be divided into different subgroups and suggested that these R genes were likely translocated into the current position from multiple genomic regions and expanded via gene duplication, while the high number of RLK genes is primarily due to local duplication (Dong L. et al., 2016) . When the NLR phylogenetic tree included the R genes from the homoelogous genomes, it was noted that each subgroup (PM3, LR21, and RPP13) contained genes from all the subgenomes (Supplementary Figure S4 ), suggesting that these subgroups existed before the divergence of the A, B, and D genomes. The result can also help identify candidate orthologous genes. However, we also observed that R genes from the syntenic blocks defined by the ancestral genes were not always associated in the same branches or subgroups. Moreover, genes from different syntenic blocks could be grouped FIGURE 3 | Phylogenetic trees for prolamin genes. Nucleotide sequences of different groups of prolamin genes from the A, B, and D genomes of Chinese Spring and D genome of Ae. tauschii were used for phylogenetic analysis. Phylogenetic trees (A for γ-gliadin, B for δ-gliadin, C for ω-gliadin, and D for LMW-GS) were reconstructed using MEGA7 with the Neighbor-Joining method. The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the prolamin genes analyzed. The percentage of replicate trees in which the associated genes clustered together in the bootstrap test (1000 replicates) are shown next to the branches. Sequences from Ae. tauschii are indicated with t . in the same branch or more closely related (Supplementary Figure S4 ). Similar results were also observed for RLK genes (Supplementary Figure S5) . In addition, we noted that many branches contained genes only from two of the genomes, a result also seen in the phylogenetic analysis of prolamin genes. Again, it is not clear if such observation reflects rapid reshuffling of R genes in the different wheat genomes or is due to the hybrid origin of the D genome (Marcussen et al., 2014) .
Transcriptome Analysis of Prolamin Gene Expression
Wheat prolamin genes are known to be specifically expressed in endosperm tissues during grain development. The identification of a full complement of prolamin genes allowed us to map transcriptome reads to individual prolamin genes, providing a more accurate view of their expression. Mapping the transcriptome reads to the annotated gene set is also useful in validating the prolamin gene assembly manually . Through this process, all 27 prolamin pseudogene sequences were confirmed, indicating that the high rate of pseudogenes (49%) is likely associated with the dynamic sequence evolution in the analyzed regions. The expression of pseudogenes is very low compared to intact genes (Figure 4) . This is expected as the transcripts of pseudogenes are unstable and regulated at the post-transcriptional level by a mechanism called nonsense-mediated mRNA decay (Hug et al., 2016) . However, the expression level of pseudogene ω-A4 was found to be somewhat higher than that of the intact gene ω-B3. When the ω-A4 coding sequence was analyzed, a premature stop codon was identified near the end of the coding region that would result in a protein that is 12 amino acids shorter than the expected full-length translation product (360 vs. 372 amino acids).
We also examined the expression of each prolamin gene group from the A, B, and D genomes. The expression of δ-gliadin genes is mostly contributed by δ-D1. In CS, both δ-gliadin genes from FIGURE 4 | Expression profiles of different groups of prolamin genes (A for γ-gliadin, B for δ-gliadin, C for ω-gliadin, and D for LMW-GS). Transcriptome datasets generated from different grain development stages were downloaded from the published result . 10WE represents whole endosperm at 10 days post-anthesis, 20SE, starchy endosperm at 20 days post-anthesis, 30SE, starchy endosperm at 30 days post-anthesis. For expression profiling, CLC genomic workbench RNA-seq analysis toolbox was used to map transcriptome reads to the complete annotated wheat gene set with the prolamin genes replaced with the prolamin gene set annotated in this study. FPKM values were calculated using the functions in the toolbox. Pseudogenes are indicated with * .
the A genome are pseudogenes and do not appear to be expressed (Figure 4A ). Most γ-gliadin genes are intact. The expression of each intact gene is approximately equivalent, except γ-B4 and γ-D2 with slightly higher expression and γ-D4 with somewhat lower expression ( Figure 4B) . Fourteen of 19 ω-gliadin genes are pseudogenes with little to no expression. Among the six ω-gliadin genes with FPKM values above 200 (including ω-A4 that contains a stop codon at the end of the coding region), three are from the D genome (Figure 4C) . Therefore, the contribution of the D genome to ω-gliadins is greater than the A and B genomes combined. Among ten intact LMW-GS genes, only one is from the A genome, three from the B genome, and the rest from the D genome (Figure 4D) . For this group of prolamins, it appears that the A genome contributes the least to expression, considering its small number of expressed intact genes and their low expression levels, while the D and B genomes seem to contribute similarly.
The large number of sequence reads in the Chinese Spring transcriptome data allowed us to assess abundances of prolamin transcripts in the endosperm tissue. This was accomplished by calculating the number of transcript reads mapped to each prolamin genes divided by the total number of reads mapped to the complete annotated wheat genes set ( Supplementary Table  S3 ). In this analysis, HMW-GS and α-gliadin genes were also included to provide a better view of the relative transcript abundance of each prolamin gene group in hexaploid wheat. At 30 days post-anthesis, γ-gliadin, α-gliadin, and LMW-GS transcripts account for 20.55, 19.39, and 16.2% of the total mapped reads, respectively. ω-gliadin and HMW-GS transcripts each account for over 7% of total, while δ-gliadin transcripts account for only 0.3%. Again, we observed that the contribution of A genome to the transcripts of each prolamin group was considerably less than the B and D genomes ( Supplementary  Table S3 ). Nevertheless, the transcripts from all the prolamin groups account for about 70% of the total mapped reads, indicating the high abundance of prolamin transcripts.
DISCUSSION
The genomic regions carrying multiple prolamin loci on the short arm of wheat group 1 chromosomes are hotspots of duplication for prolamin and R genes, making their accurate sequence assembly very challenging. In this work, we took advantage of Chinese Spring long sequence contigs from PacBio long reads (Zimin et al., 2017) and the BioNano genome map to reconstruct the orthologous regions carrying both prolamin and R gene families from the wheat A, B, and D genomes. The BioNano genome map is useful for generating high-quality sequence assemblies to resolve these complex regions by validating, orientating, and ordering sequence contigs. It also serves as a tool to confirm the structural variations observed in hexaploid wheat and its D genome progenitor. This work represents the first report highlighting the evolutionary dynamics of the genomic regions harboring prolamin and R gene families in a hexaploid wheat species.
Structural Variations of the D Genomes of Ae. tauschii and Hexaploid Wheat
Aegilops tauschii, the donor of the wheat D genome, has been widely employed to investigate molecular changes during and after wheat polyploidization (Li et al., 2015) . In this study, a detailed sequence comparison revealed dramatic structural variations in the analyzed orthologous regions from Ae. tauschii AL8/78 and hexaploid wheat Chinese Spring. Five large structural variations with sizes over 100 kb were detected. Consequently, in the two compared D regions, only 56% of the Ae. tauschii and 29% of the CS sequences are conserved, while the rest of the sequences are unique either to the Ae. tauschii or CS region. We noted that the sequences involved in four structural variations are presence/absence variations between the two genomes, while one structural variation involved in a 2-Mb sequence region is likely caused by translocation and/or inversion events. Such a variation can result in considerable erosion of gene collinearity (gene content and order) in the compared region. However, these genes are still present in the genome. Given the short divergence time of the two D genomes and the high conservation in those aligned regions, it was quite unexpected to find multiple large structural variations, particularly those as extreme as the 2-Mb region containing 34 genes. The mechanism underlying these large structural variations is unclear. However, since RLK and NLR genes are distributed across the analyzed regions, including those involved in the structural variations, it is likely that these large structural variations represent local sequence rearrangements, rather than translocations from other places. Nevertheless, they are responsible for the major difference in the two D regions, including 79 non-shared or non-colinear genes. It has been proposed that the frequent structural variations observed among maize inbreds may contribute to the high levels of genetic and phenotypic diversity (Springer et al., 2009) . When different structural variants are combined naturally or through breeding, there is opportunity for formation of novel alleles via unequal crossing over. Allelic variations of prolamin and R genes are particularly important for the improvement of grain end-use quality and disease resistance phenotypes. Since only the Chinese Spring and Ae. tauschii AL8/78 D genomes were examined in this study, at this point, it is not clear if the structural variations exist at the diploid level or occurred in the hexaploid genome. Further characterization is needed to understand their allelic variations in relation to phenotypic differences at the genomic sequence level for crop improvement. Meanwhile, it is also unclear if large structural variations are evenly distributed across the genome or biased depending on chromosomal locations. The genomic regions in this study are known to locate in the distal end of the chromosome where frequent sequence changes are likely due to the high rate of recombination events (Akhunov et al., 2003; Dvorak and Akhunov, 2005; Choulet et al., 2010; Dong L. et al., 2016) . Further study on the association of large structural variations with recombination is required.
Rapid and Dynamic Evolution of Prolamin and R Gene Regions in the A, B, and D Genomes
In comparison with related grass model species, the Ae. tauschii 1DS region containing prolamin and R genes has undergone dramatic evolutionary changes as evidenced by the high number of non-syntenic genes being six times more than conserved ancestral genes (Dong L. et al., 2016) . This high rate of nonsyntenic genes reflects the fast evolution of Triticeae species (Glover et al., 2015; Luo et al., 2017) . It appears that the insertion of non-syntenic genes followed by local duplications played important roles in gene expansion in this prolamin and R gene region (Dong L. et al., 2016) . Prolamin and R gene families are among the non-syntenic genes in the Ae. tauschii region, suggesting that they evolved rapidly in Triticeae lineage since its separation from the other grass species around 25-30 MYA. Prior to this study, their genomic organization and evolution in different Triticeae genomes remained unclear. The A, B, and D genomes of hexaploid wheat are closely related with their divergence time from a common progenitor some 2.5-4.5 MYA (Huang et al., 2002) . A recent study suggests that the genome donors of hexaploid wheat diverged only between 2.1 and 2.9 MYA (Middleton et al., 2014) . Therefore, the wheat A, B, and D genomes provide a window into the recent evolution of prolamin and R genes. Our comparative analysis based on syntenic blocks revealed considerable variations with respect to gene numbers and contents, suggesting that sequence changes including gene duplication, deletion, and translocation might have occurred frequently and independently in different wheat genomes. Although the phylogenetic tree analyses of prolamin and R genes facilitated the identification of orthologs that existed prior to the divergence of the A, B and D genomes, they also confirmed frequent occurrences of genome-specific duplication of both prolamin and resistance genes after their separation. Considering the large variations in gene numbers and contents in the orthologous regions, our results support continuous and rapid evolution of both prolamin and R genes in the Triticeae genomes.
Triticeae genomes are known to evolve rapidly in comparison to compact genomes such as Brachypodium, sorghum, and rice (Luo et al., 2013; Glover et al., 2015; Luo et al., 2017) . However, detailed comparative analyses among the Triticeae genomes have only been reported in a few genetic loci (Gu et al., 2004; Chantret et al., 2005; Zhang et al., 2011) . It has been shown that the sequences of intergenic regions consisting of repetitive DNAs are completely diverged in the A, B, and D genomes due to the rapid amplification and fast turnover of transposable elements (Gu et al., 2004) . The overall collinearity among the A, B and D genomes is less clear. Well-maintained collinearity was observed in the orthologous HMW-GS regions (Gu et al., 2004) , while in the hardness loci, the loss of Pina and Pinb genes was caused by deletions that occurred independently in the A and B genomes (Chantret et al., 2005) . A large-scale comparison at contiguous sequence levels was only recently reported for the short arms of Ae. tauschii 3D (At3DS) and Chinese Spring 3B (Ta3BS) (Xie et al., 2017) . The result indicated that only 58.23% of At3DS genes and 47.2% of Ta3BS genes have orthologous gene pairs, suggesting that a large proportion of the genes have been rearranged since the divergence of the two genomes. However, the driving force for the dynamic changes among the Triticeae genomes is not well understood. It has been shown that recombination is positively or negatively associated with several genome structure features, including gene density, gene deletion and duplication, SNP rate, and TE distribution. (Akhunov et al., 2003; Dvorak and Akhunov, 2005; Glover et al., 2015; Luo et al., 2017; Xie et al., 2017) . Coincidently, the prolamin and R loci in Ae. tauschii are located in the distal chromosomal region where the recombination rate is high with a cross-over (CO) frequency of 3.14 cM/Mb, over ninefold higher than the average for chromosome 1D (Dong L. et al., 2016) . Therefore, the high recombination rate may play the central role in shaping the structure and evolution of this agronomically important region.
Evolution of Prolamin and R Gene Families
Genomic structural variation that contributes to the overall fitness of the organism can be naturally selected and fixed in the population. The evolution of wheat prolamins is likely involved in speciation while the duplication and evolution of disease resistance genes are key sources for adaptation to the changing environment. Both gene families originated as nonsyntenic genes as they are absent in the orthologous regions of rice and sorghum genomes (Dong L. et al., 2016) . It has been proposed that the prolamin genes in Glu-3 and Gli-1 loci might originate from a single translocation event followed by further amplification and evolution to form different types of prolamin groups (LMW-GS, γ-, ω-δ-gliadins) with distinct domain structures (Dong L. et al., 2016) . There are only three genomic regions containing prolamin genes in a wheat genome. HMW-GS originated from a duplication of an ancestral globulin gene that occurred before the divergence of Triticeace and Brachypodium lineage (Xu and Messing, 2009; Gu et al., 2010) . Therefore, one can speculate that the prolamin genes in Glu-3 and Gli-1 loci might originate from an ancestral gene related to HMW-GS. We exclude α-gliadins from the origin of Glu-3 and Gli-1 loci because they are the youngest group of wheat prolamin that evolved after the divergence of wheat and rye ∼7-8 million years ago . On the contrary, R genes are present in many genetic loci. The R genes in the analyzed region likely originated from multiple translocation events (Dong L. et al., 2016) . For instance, among the NLR group, R genes can be divided into RPP13, RPM3, PM3, and LR21 subfamilies that each has closer homologs located in different genomic regions (Dong L. et al., 2016) . The current study indicated that the genomic regions might continuously experience structural changes as both the prolamin and R gene families showed considerable erosion of collinearity in the A, B, and D genomes, likely resulting from gene duplication, deletion, and translocation etc. Both prolamins and R genes are known to evolve dynamically and rapidly. They are often prone to duplication. The observed high number of prolamin and resistance genes indicated that sequence duplications have occurred frequently in the genomic regions. In the case that a duplication of a prolamin gene spans a region containing a resistance gene, both genes will be duplicated. The fact that the two gene families are intermingled at the genomic regions suggests that such a case is frequent. Therefore, co-localization of prolamin and R genes might have accelerated their evolution in the genomic regions. In addition, the high content of TEs in the wheat genome can encourage ectopic recombination in which crossing over occurs at non-homologous, rather than along homologous, loci. Such recombination can cause dramatic chromosome rearrangement and gene copy number variations (Kent et al., 2017) . Nevertheless, because of their physical closeness, selection naturally or through wheat breeding for the resistance allele will bring together the phenotype of the linked prolamin allele or vice versa. This provides partial explanations to the association of good resistance traits with poor end-use quality in some wheat germplasm or cultivars (Bonafede et al., 2015) .
Expression and Function of Wheat Prolamins
The end-use property of wheat grain is controlled by both quantity and quality of prolamins (Shewry et al., 2002) . Therefore, determining the expression of individual prolamin genes and understanding contribution of each to the overall gluten content and functionality will facilitate the development of wheat varieties with improved end-use properties. However, because of the complexity of their large gene families, unique repeat domains in the coding region, and lack of complete sequence information, expression analysis of prolamin genes using PCR-based approach or de novo assembly of transcriptome reads has been challenging. In this study, a full complement of prolamin gene sequences in the Glu-3 and Gli-1 loci from a single wheat accession were generated using long PacBio reads with sequence errors corrected with Illumina reads. We found that corrected PacBio reads are superior to Illumina short reads in sequencing prolamin genes, particularly these ω-gliadin genes that contain long stretches of repeated domains (Anderson et al., 2009) (Supplementary  Table S4 ). With the complete set of prolamin gene sequences, we profiled expression by mapping transcriptome reads, providing a detailed view of how individual genes and genomes contribute to the overall prolamin expression. Of 55 prolamin genes identified (Supplementary Figure S2) , 29 genes likely encode complete proteins, including 11 γ-gliadins, two δ-gliadins, five ω-gliadins, and ten LMW-GS. Considerable allelic variations exist for the end-use quality among wheat cultivars (Bonafede et al., 2015; Cuesta et al., 2015) . An important question is how allelic variations among prolamins in different wheat genotypes influence both the technological and immunogenic properties of the flour. To this end, the knowledge gained from this study combined with similar studies in other genotypes will facilitate proteomic studies that can address this question and ultimately lead to the development of new strategies to improve the end-use quality and healthfulness of wheat.
AUTHOR CONTRIBUTIONS
NH, SZ, YW, and TZ performed the experiment and generated data. NH, TZ, SZ, SA, TH, LD, DW, TM, ZL, JD, M-CL, J-YL, and YG participated in the data analysis as well as in preparation of the manuscript. YG and SA managed the research project. YG wrote the manuscript. All authors read and approved the manuscript.
FUNDING
